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Theoretical predictions are made of the effect of an absorbing ground surface on acoustic
impulsive waveforms propagating in a homogeneous atmosphere for frequencies below 500 Hz.
The lower frequencies of the pulse are enhanced as the effective flow resistivity of the ground
surface decreases and as the propagation distance increases. The pulse waveforms and peak
amplitude decay observed for propagation distances of 40 to 274 m over grassland were
satisfactorily matched by calculations using an assumed effective flow resistivity of 200 kN s
m ~ *. Measurements over snow gave much greater amplitude decay rates, and the waveforms
were radically changed in appearance, being dominated by the lower frequencies. These
waveforms were satisfactorily matched only when a layered ground was incorporated into the
calculations; then, an assumed surface effective flow resistivity of 20 kN s m ~* gave good
agreement with the observed waveforms and peak amplitude decay.

PACS numbers: 43.28.Fp, 43.40.Ph

INTRODUCTION

The absorption of sound energy by the ground has been
studied extensively'™ because of its importance in under-
standing noise propagation through the atmosphere. Predic-
tions of outdoor sound levels produced by various sources
can be usefully applied to practical problems such as the
reduction of traffic or industrial noise, and the estimation of
community nuisance or damage levels from artillery firing
ranges, construction blasting, and other explosions. These
predictions are also of interest in estimating acoustic-to-seis-
mic coupling phenomena, which was our main reason for
undertaking this study. In all of these applications, ground
absorption 1s a major factor determining the overall sound
level. Most studies have reported ground absorption effects
as a function of frequency in terms of excess attenuation, the
ratio of the sound level with the ground present to the sound
level in free space at the same propagation range, expressed
in decibels. Only a few studies®® have dealt with the effect of
the ground on acoustic pulse propagation, which requires
integration over the frequency bandwidth of interest.

In this article, we report on calculations and measure-
ments of the absorption effects of snow-covered ground on
acoustic pulse propagation. Acoustic propagation above
snow has been studied in the past, although infrequently*’
(and additional references in Ref. 9), and primarily using
continuous rather than impulsive sources. Gubler'® did
make some impulse measurements over snow, but reported
only the amplitude decay rates observed and did not make

waveform comparisons. Our study differs from previous
studies of pulse propagation in two ways: First, we calculate

absorption effects using a physically based theoretical model
of finite ground impedance, the four-parameter model of At-

tenborough,’ and compare these calculations to those using
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the semiempirical, single-parameter model of Delaney and
Bazley'' that has been used in past work; and second, we
compare the model predictions with measurements over
snow-covered ground. Apparently, this 1s the first report of
extensive impulse measurements over such a highly absorp-
tive geological boundary.

In Sec. I, we outline the theory used to describe the effect
of an absorbent boundary on acoustic waves and models that
are used to estimate the absorbing characteristics of the
ground. Section II discusses the method used to predict the
pulse wavetorms expected after propagation along an ab-
sorbing boundary. In Sec. IlI, we present some examples of
calculated waveforms and make comparisons with data ob-
tained for propagation over grassland and over snow. We
also comparethe predicted and observed amplitude decay as
a function of range for these two ground surfaces. Section IV
summarizes our results.

. THEORY
A. Effect of an absorbing boundary

The well-known expression (e.g., Refs. 2, 4, 6, and 12)
for the pressure Preceived at a height /4, above an impedance
boundary from a continuously emitting point source at a

height A, and a distance r, away (Fig. 1) is given by

P 1 ik, r 1
— — e i | I
P, Kk Kir
where P, 1s a reference pressure level near the source, k, is
the wavenumber 1n the air, and r, and r, are the direct and
reflected waves’ pathlengths. The first term in Eq. (1) gives
the pressure from the direct wave; the second gives the con-

tribution from the boundary. The dimensionless image

Qe™ ", (1)
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source strength @ is defined to include the reflection from
the boundary and the ground-wave term:

@=R, 4+ (1 - R, )F(w), (2)
where the plane-wave reflection coefficient R, is

R, =(Z,sin¢ ~ Zs"")/(Z,sing + Zi5'7%),  (3)
with Z, and Z, representing the specific acoustic impe-
dances of the two media, ¢ the angle of incidence defined in
Fig. 1, and

s=1— (k/k))* cos’ ¢. 4
A steepest-descent approach'? can be used to evaluate Fand
gives

Flw) =1+ i(m) Pwe = erfe( — fw), (3
where the dimensionless numerical distance w is defined by
w? = 2ik,ry(1 — R,) A Z,/Z,)> (6)

The steepest-descent derivation involves a high-frequency
approximation, which requires that

kre 1, (7}
or, equivalently,
fee/(2nr), _ {8}

where f is the frequency in Hz and ¢ the acoustic wave
speed. This limiting frequency value is 5§ Hz for a 10-m prop-
agation range in air, and 1 Hz for 40 m, the shortest propaga-
tion range for the measurements reported on here,

The equations were derived using a local reaction condi-
tion, which assumes that the surface acoustic impedance of
the boundary is independent of the incident angle {or, equiv-
alently, that the transmitted waves are refracted vertically
into the lower medium). The assumptions that the waves
arrive at grazing incidence and that |Z,| > |Z, | were also
used in the derivation.

In all of our calculations, we have assumed a homoge-
neous atmosphere (i.e., no refraction of acoustic rays} with-
out turbulence. We have omitted atmospheric absorption
from the calculations, since Don and Cramond’s® and our
own calculations have shown that it is negligible at these
ranges ( <300 m) and frequencies ( <500 Hz). The next
section discusses the models that we used to determine the
ground impedance Z, needed for the calculation of pulse
waveforms via Eqs. (3) and (6).

Sourca ;
T ! Raceiver
h |
5 h .
L ¢ Lo
2, . k;

FIG. 1. Geometry of the calculations and observations. The two acoustic
media have impedances and propagation consants of 2, .k, and Z;,k;, re-
spectively. The source and receiver are both in medium [, at heights of A,
and A,, and the direct and reflected wave pathlengths are r, and r;. The
angle of incidence is §.
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B. Models of ground impedance

Past predictions of acoustic pulse waveforms®® have ex-
clusively employed Delaney and Bazley’s single-parameter
model'' of ground impedance. This model consists of the
empirically determined relationships

R/pc=1+005(f/0) °7, 9)
X /pc=0T71(f/0) "7, (10)

where R and Y are the real and imaginary parts of the ground
impedance Z,, p is the density of the air, and o is the fiow
resistivity of the porous ground. [The numerical constants
in Egs. (9} and (10}, and in Eqs. (12) and (13} below,
actually have units that cance] those of the ( f/o) terms,
making the equations dimensionless.] Attenborough?
pointed out that Delaney and Bazley'' derived their model
using malterials for which the porosity was nearly 1 and gave
a theoretical argument showing that the measured flow re-
sistivity should be multiplied by the porosity before substitu-
tion into Egs. {9) and (10). It is this value, termed the effec-
tive flow resistivity, that we denote by the symbol o in this
paper. Here, o has unitsof Nsm  *or mksraylsm ™. In this
paper, we give numerical values in kNsm~* (=10*N's
m *), which makes the values the same as those expressed
in cgs units in some earlier papers.

The ground sometimes behaves like a layered porous
medium, rather than the infinitely thick layer assumed in
Eqs. (9) and (10). If we let d be the layer thickness and k,
the wavenumber in the layer, then the resulting impedance
of the medium is'*

Z=2Z(Zy—iZ,tan ke, d) /(Z, — [Z,tan k,d), (11)

where Z, and Z, are the impedances of the upper and lower
materials, respectively, found using Eqs. (9) and (10). De-
laney and Bazley'' also determined formulas for the wave-
number £, = @ + i such that

artk, =14 0.098( f/o) 07, (12)
B/k, =0.19( f/a) 2%, (13)

The second model of ground impedance that we use in
our calculations was developed by Attenborough.' This
model treats the porous medium as a rigid frame with ran-
domly varying pore sizes. The model requires four param-
eters to describe the material: effective flow resistivity e, po-
rosity {}, grain shape factor n’, and pore shape factor ratio s,.
Propagation in the porous medium is then described by
[Egs. (8) and (9) in Ref. 1]

B2 =g*[1 = 2u~'Tu) ]!
X[+ 2y — v '"T) 1 (wre)?, (14)

Z, =g 11— 2u™'"T(u) )7 (17k,41), 15)
with the following definitions: ¢* = tortuosity = &~ (di-
mensionless), ¥ =ratio of specific heats, @ =2af
T{x) =J,(x}/J;(x) =ratio of cylindrical Bessel func-
tions, A = (1/s;) [Bpg’ew/Qo V% u =A%, v = N2y, and
Np, = Prandtl number. The impedance of a layered medium
is determnined by Eqs. (11}, (14), and (15). In all of the
computations, we have set 7' = 0.5, and we have taken ¥V,
=0.712 and y = 1.4 for air. Most of the other values were
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taken from measurements reported by Attenborough for
soils' and by Attenborough and Buser for snow.'>'®
With the definition o, = s7a/, Attenborough' also ob-

tained a low-frequency approximation of the four-parameter
model that requires only two parameters:

Z. = (4myp) ~*(a,/N° (1 + i),
k, = Z_v}.

(16}
(17)

IIl. CALCULATION OF PULSE WAVEFORMS

In the following equations, lower case letters denote

sampled quantities in the time domain and upper case letters

denote the corresponding frequency domain values. Here, m
and »n are used as subscripts for the particular index value in
the time and frequency domain.

The sampled source pulse is given by the sequence {s,, },
m=0,1,...,.§N — 1, with an interval of A¢s between samples.
The source pulse components in the frequency domain are
found by taking the discrete Fourier transform

N -1
S, = > s, e*™N  p=0,1,.,N—1. (18)
= 0

The elements of the complex sequence {.S, } occur at fre-
quency values f, = n/(NAt); i.e., the frequency spacing i1s
Af = 1/(NAt) and the highest is f, = 1/(2A¢). The image
response O, 1s computed at all of the desired frequencies
using either the single-parameter'' model, the four-param-
eter' model, or its low-frequency approximation. The resul-
tant X, of the direct and reflected pulse 1s then

X, =S,[4xr) " "exp(2af,r/c)

+ (47ry) ~ ' exp(i2af,ry/c) @, ] (19)

For arecelver at the surface, r, =r, ( = r), and so Eq. (19)
becomes

X, =@mr)"'S (1 + Q@ exp(i2nf, r/c). (20)

In the above equation, the exponential term 1s merely a phase
delay that determines the arrival time of the pulse. This term
was replaced by exp(i27f, 1, ) in the computations, where 7,
is a fixed time shift. This replacement is equivalent to the use
of a reduction velocity to align the pulses for all ranges at the
time 7, and avoids the need to compute additional terms as
the range increases.

Next, a window is applied to limit the calculations to the
recording system’s bandwidth of 500 Hz. The window coef-
hcients we used reproduce the effect of the recording sys-
tem’s antialiasing filter and are given by

W =sin*[(n—1)w/N], n=01,..N—1. (21)
The resultant pulse in the frequency domain then becomes
X, =(1/4mryW S, (1 + Q,)exp(127f. t,). (22)

The time domain pulse x,, was then computed from Eq.
(22) using the inverse discrete Fourier transform:

1 N—-1

X =— Y X,e 2N m—0Q]1, . ,N—1 (23)
Nn=0

In all of the computations, the recording system’s sampling

interval of Ar = 0.5 ms was used. The fast Fourier transform
(FFT) algorithm was used to compute Eqgs. (18) and (23),
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with the number of points N set to 2048, and so Af = 0.997
Hz and f,, = 1 kHz. Since Q, turns out to vary smoothly, a
wider frequency spacing could probably have been used, and
direct integration without the use of the FFT algorithm may
be more efficient. For all of the calculations, the source
height was set to 1 m, and the receiver was on the surface.

[1l. RESULTS AND DISCUSSION
A. Theoretical examples

We first calculate two examples, chosen to illustrate the
extremes in the importance of the ground impedance on
propagating acoustic pulses. The first is presented in Figs. 2
and 3. The single-parameter impedance model'' was used,
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FIG. 2. (a) Excess attenuation, (b) image source magnitude, and (¢} 1m-
age source phase as a function of frequency calculated using the Delaney
and Bazley model (Ref. 11} with o = 32 000 kN s m ™ *. Propagation dis-
tances are 10, 100, and 1000 m, source height 1 m, and receiver at the sur-
face.
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FIG. 3. Waveftorms calculated using the Delaney and Bazley model (Ref.
11) with o = 32 000 kN s m ~* for ranges of 0.1, 1, and 3 km. Source height
1 m, recerver at the surface. The source pulse used is shown at the bottom of
the figure, and the spectrum 1s bandlimited to 500 Hz. The waveforms on
the left were calculated ignoring the effects of atmospheric absorption:
those on the right include absorption. The waveforms on the left are normal-
1zed; the peak amplitudes are 2000, 33, 3, and 1 Pa, respectively, from bot-
tom to top. The waveforms on the right are plotted at the same scale as those
on the left, and they have peak amplitudes of 32, 2.5, and 0.6 Pa.

with o set to 32 000 kN s m ~#, a value representative of an

old asphalt surface® and of the highest value the effective
flow resistivity could be expected to reach for outdoor prop-
agation. Figure 2 shows the excess attenuation and the mag-
nitude and phase of the image source [Qin Eq. (2)], calcu-
lated at propagation distances of 10, 100, and 1000 m. The
high effective flow resistivity value used specifies an acousti-
cally hard surface, and the response is generally flat up to 1
kHz, implying that very little waveform change will occur.
Figure 3 shows the calculated waveforms, using the source
waveform shown, for ranges up to 3 km. The source wave-
form used 1n this and in all of the following calculations is an
esttimated one, because our measurements from micro-
phones close to the source were clipped. We estimated the
peak amplitude of the experimental pulse as 2 kPa at 1 m.
Two sets of wavetorms are shown in Fig. 3, one set with

and one set without air absorption.'” The pulse waveforms
are virtually identical at all propagation distances when air
absorption 1s ignored. When absorption is included, the peak
amplitudes are lower and the waveforms are slightly
broader. The amplitude reduction is only a few percent at
100 m and about 20% at 1 km.

The next calculation used o = 10 kN s m ~*, a value
representing a very absorptive surface like snow,® near the
lower bound of effective flow resistivity. The excess attenu-
ation and 1mage source curves shown in Fig. 4 now exhibit a
more complicated structure in the frequency band of inter-
est. At low frequencies, the boundary 1s fully reflecting, and
the sound level 1s double that of the free-space value, with a
corresponding excess attenuation value of + 6 dB. The at-
tenuation begins to increase at higher frequencies, reaching O
dB at 100, 435, and 20 Hz for propagation distances of 10,
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FIG. 4. (a) Excess attenuation, (b) image source magnitude, and (c) im-
age source phase as a function of frequency calculated using the Delaney
and Bazley model (Ref. 11) with ¢ = 10kN s m ™*. Same source and receiv-
er geometry as in Fig. 3.

100, and 1000 m. This decay arises from the phase change
that occurs on reflection from the boundary.

The effects of the low effective flow resistivity surface on
propagating acoustic pulse shapes are shown in Fig. 5. The
pulse amplitudes are much lower than in the previous exam-
ple, and low frequencies dominate and elongate the wave-
form for ranges beyond a few tens of meters. This enhance-
ment of the lower frequencies 1s the result of integrating over
the 1mage source magnitude shown in Fig. 4(b), with the
dominant frequencies of the waveforms at 100 and 1000 m,
corresponding to the peak image source magnitudes at 40
and 15 Hz. Figure 5 also displays two sets of waveforms,
calculated with and without air absorption. In this case, the
waveforms are nearly identical, even at a range of 3 km,
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FIG. 5. Waveforms calculated using the Delaney and Bazley model (Ref.
11) with 0 = 10 kN s m ~* for ranges of 0.1, 1, and 3 km. The source pulse
used i1s shown in Fig. 3. The waveforms shown as solid lines ignore the effect
of atmospheric absorption. Waveforms that were calculated including the
absorption effects were 1dentical to those calculated in the absence of air
absorption at this scale. The peak amplitudes are 1.5 Paat 100 m, 0.03 Pa at
1 km, and 0.005 Pa at 3 km.

because the low frequencies that dominate these pulses are
not greatly affected by air absorption.

These examples show that hard boundaries, 1.e., those
with a high effective flow resistivity, act as good reflectors
and have little effect on pulse waveforms, while soft, absor-
bent boundaries with low effective flow resistivities can pro-
duce radically different waveforms by absorbing the higher
frequencies. Additional calculations (omitted here) re-
vealed that the three other parameters involved in Attenbor-
ough’s model have an influence on the waveforms smaller
than that of the effective flow resistivity. This explains the
success of the Delaney and Bazley model in past work; it
concentrates on the most important parameter, the effective
flow resistivity. In the next section, we show that calculated
waveforms using either of the models can successfully match
the waveforms observed 1n outdoor sound propagation ex-
periments.

B. Observations and waveform comparisons

Recordings of acoustic pulses propagating distances up
to 274 m under summer and winter conditions were obtained
at a firing range in northern Vermont. The site was relatively
flat, sloping generally upward from west to east. The subsur-
face consisted of a 15- to 25-m-thick layer of unconsolidated
soil, mostly silty sands with some gravel, which became satu-
rated at a depth of 0.4 m. In the summer, the ground was
covered with 0.2-m-tall grass; a snow cover varying between
0.15 and 0.32 m in depth above a 0.03-m-thick frozen soil
layer was present in the winter. Geophones and micro-
phones were placed 3 m apart along the ground surface, and
0.45 caliber blank pistol shots were fired toward the sensors
from a height of 1 m. The 24 signal channels were sampled at
arate of 2 kHz by a digital recording system with a frequency
bandwidth of 500 Hz. Additional details are given in Ref. 18.

The summer recordings occurred under homogeneous
atmospheric conditions with a slight breeze blowing perpen-
dicular to the propagation path. A strong inversion was pres-
ent during the winter experiments (d7/dz= +4to + 1K

m~ '), but the expected amplitude enhancement from re-
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FIG. 6. Comparison of normalized waveforms for pulse propagation over
grassland for ranges from 40-274 m. The solid lines are the waveforms re-
corded by surface microphones, and the observed peak amplitudes were 12,
9.1, 4.6, and 2.0 Pa, respectively, from bottom to top. The dashed lines are
waveforms calculated using the Delaney and Bazley model (Ref. 11) with
o =200kN sm ~*. For the calculated waveforms, the source pulse shown in
Fig. 3 was used, and the spectrum 1s limited to 500 Hz.

fraction was overwhelmed by the strong absorption of acous-
tic energy by the snow cover as the data below will show. The
snowpack consisted of five distinct layers, with measured
densities from 190 to 290 kg m ~°, and crystal sizes ranging
from 0.1-2 mm. The most recent snowtfall of about 0.04 m
had occurred 3 days before the experiments.

Figure 6 shows typical summer surface microphone re-
cordings (solid line) for a series of pistol shots at ranges from
40-274 m. These shots were recorded during a 75-min peri-
od by moving the source farther away from the receivers in
an eastward direction. We ran a number of sample calcula-
tions using the single-parameter model 1n a tnal-and-error
forward modeling process and found that a value of
o =200 + 50 kN s m ~* gave good agreement with the ob-
served pulse waveforms. The calculated waveforms are
shown as dashed lines 1n Fig. 6.

Typical waveforms observed in the winter by micro-
phones at the snow surface are shown as solid lines 1in Fig. 7.
These recordings were made at the same locations as the
summer measurements and were obtained over a 130-min
period. The waveforms are markedly different from those
observed in the summer, but show some of the same proper-
ties of the waveforms calculated with o = 10 kN s m ~ * that
were displayed in Fig. 5: The high-frequency portion of the
pulse 1s severely attenuated, and the lower frequencies be-
come increasingly dominant as the propagation range in-
creases. The complicated high-frequency pulse shapes near
the beginning of the waveforms in Fig. 7 are due to reflec-
tions from within the snowpack.

Modeling of these waveforms was unsuccessful without
the addition of a hard layer beneath the snow. In fact, the
best match with an unlayered ground was achieved by the
waveforms shown in Fig. 5. Nicolas er al.” found that they
required a layered ground to fit their measurements of excess
attenuation over snow at much shorter ranges and at higher
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frequencies. We also achieved much better results when the
ground was modeled as a layer over a half-space. '
The short dashed line in Fig. 7 shows the best waveform
match achieved using the single-parameter model with a
hard subsurface layer. The upper and lower effective flow
resistivities were 20 and 366 kN s m ~ ¢, respectively, and the
layer thickness was 0.15 m. The surface effective flow resis-
tivity was determined by matching the decay of the high-
frequency pulses and the layer thickness by matching the
elongation of the waveform. Estimated errors are 10 kN s
m ~* for the effective flow resistivity and 0.05 m for the layer
thickness. Slightly better results were achieved using the
four-parameter model with the same effective flow resistivi-
ties (the long dashed lines in Fig. 7). The assumed porosities
and pore shape factor ratios were 0 = 0.7 and s, = 0.8 for
the snow, and 2 = 0.269 and s, = 0.725 for the hard under-
lying soil.'” The overall elongated shape of the waveform and
its relative amplitude in comparison to the higher frequency
pulses match the observed data slightly better than the re-
sults using the single-parameter model. For both models, the
snow layer thickness of 0.15 m was less than the thickness of
0.25 m directly beneath the microphone, but close to the

average thickness of 0.19 m along the propagation path. Cal-

culated wavetorms using the low-frequency approximation
| Eqs. (16) and (17)] were identical to the waveforms for
the four-parameter model and have been omitted from the
plot.

The data presented here have shown that propagation
over an absorptive ground like snow can greatly modify
pulse waveforms by attenuating the higher frequencies. Our

FIG. 7. Comparison of normalized waveforms for pulse propagation over
snow for ranges from 40-274 m. The solid lines are the waveforms recorded
by surface microphones, and the observed peak amplitudes were 5.1, 0.91,
0.60, and 0.17 Pa, respectively, from bottom to top. The long dashed lines
above the solid lines are waveforms calculated using Attenborough’s model
(Ref. 1) for a layered ground. The first layer was 0.15 m thick and had
parameter valuesof 0 = 20kNsm % Q1 =0.7,5, =0.8,and n' = 0.5. The

underlying material had values of =366 kN s m~% Q) =0.269, s,
= 0.725, and n' = (.5. The short dashed lines are waveforms calculated
using the Delaney and Bazley model (Ref. 11) for two layers with ¢ = 20

and 366 kN s m ~* and a layer thickness of 0.15 m. For the calculated wave-

forms, the source pulse shown in Fig. 3 was used, and the spectrum is limit-
ed to 500 Hz.
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calculations show that any of the three models can be used to
calculate waveforms that agree satisfactorily with the ob-
served changes.

C. Amplitude decay rate comparisons

Along with waveform comparisons, the observed pulse
amplitude decay as a function of propagation distance can
also be compared with the calculated values. The most direct
way of comparing the decay rates is to use the microphone
observations; however, many of the amplitudes on our mi-
crophone recordings, especially at the shorter propagation
ranges and in the summer, exceeded the dynamic range of
the microphones and were thus unreliable. We also used geo-
phones in our experiments, and data from these sensors do
not exhibit the clipping problems that the microphones do.
In addition, many more geophones were available to us
(since they are one-tenth the cost of the microphones), and
the larger number used provides a better estimate of the am-
plitude decay. The geophones respond to the direct air pulse
that propagates in the atmosphere and 1s locally coupled into
the ground. We used our estimated source amplitude of 2
kPa at 1 m and the measured'® acoustic-to-seismic coupling

ratio of 6 X 10" °m s~ ' Pa~' (the ratios were nearly the
same for grassland and snow) to convert the calculated pres-
sure amplitudes to particle velocity for comparison with the
geophone measurements.

Figure 8 shows that the frequency response curves for a
microphone and a geophone at the ground surface are very
similar. These curves were obtained using a pistol shot 196 m
away where the microphone responds without clipping; the
recording was made in the summer. The microphone and
geophone curves have about the same bandwidth. The dip
caused by a 60-Hz notch filter used during the recording 1s

visible in the microphone curve, as well as two noise peaks at
about 420 and 540 Hz. The notch filter dip 1s also visible in

10—11
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%
Q

), 400 800
Frequency, Hz

FIG. 8. Power spectral density (PSD) as a function of frequency for a sur-
face microphone (top) and a surface vertical component geophone (bot-
tom) in the summer. The source was a blank pistol shot 1 m above the
ground and 196 m away from the sensors.
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the geophone response curve, and the low-frequency portion
of the curve (below 200 Hz) 1s much less smooth than for the
microphone. Some of the roughness in the geophone spec-
trum is probably caused by the subsurface layering.”® The
pulse amplitudes are controlled by the integral over these
response curves and will not be greatly affected by these dif-
ferences.

Comparisons of observed and calculated pulse ampli-
tudes as a function of propagation distance are presented in
Figs. 9 and 10. In both figures, the symbols are observed
measurements and the lines are calculated decay rates. The

(a)
Hard sotl

102 Crass

107
S'now

Pressure, Pa

101

102
| 109 107 1028 109

Range, m

(b) 102

~) ~h -
S 9 S
n h tL

Particle Velocity, m s-1

e
3
o

10-7 .
109 107 108 109
Range, m

FIG. 9. Plot of first arrival amplitude versus distance from the source for
pulse propagation over grassland. (a) Peak amplitudes from microphones;
(b) peak amplitudes from vertical component geophones. Triangles denote
amplitudes measured using receivers on the surface; squares are amplitudes
measured using microphones 0.5 m high. The lines are amplitudes calculat-

ed using the Delaney and Bazley model (Ref. 11) with effective flow resisti-
vities of 1820 (hard soil) and 200 kN s m ~* (grass). The line for snow was

calculated using Attenborough’s model (Ref. 1) with a surface effective
flow resistivity of 20 kN s m ~* and the parameters listed in the caption for

Fig. 7. The flat trend in the microphone amplitudes at the shorter ranges are
the result of exceeding the dynamic range of the microphones (see text).
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FIG. 10. Plot of first arrival amplitude versus distance from the source for
pulse propagation over snow. (a) Peak amplitudes from microphones; (b)
peak amplitudes from vertical component geophones. Triangles denote am-
plitudes measured using receivers at the snow surface; squares are ampli-
tudes from microphones 0.5 m above the snow. See Fig. 9 for the identifica-
tion of the calculated amplitude decay rates shown as lines.

lines labeled hard soil and grass were calculated using the
single-parameter model,'' with effective flow resistivity val-

ues of 1820 and 200 kN s m ~*, respectively.'** The line
labeled snow was calculated using the four-parameter mod-

el' using the parameter values given in the caption to Fig. 7.
At this lower effective flow resistivity, care was taken to use
the amplitude of the high-frequency pulse, not the low-fre-
quency portion of the waveforms, as this 1s how the observed
data are plotted.

Figure 9 shows the observed amplitudes in the summer.
Ninety-two measurements were made with microphones,
320 with vertical component geophones. The plot shows that
the microphone data are clipped until the propagation range
exceeds 100 m; then, the amplitudes match those calculated
for grass quite well. The geophone observations are slightly
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lower than those calculated for grass, but decay at about the
same rate. Considering all of the assumptions used to make
these comparisons, the agreement is acceptable.

Figure 10 compares the observed amplitudes in the win-
ter with the calculated amplitudes. Only a few of the 56 mi-
crophone amplitudes, those for ranges less than 40 m, may
be clipped. The observations agree with the absolute ampli-
tudes and with the decay rate calculated for snow. For the
geophones, the agreement between the 126 observations and
the calculated values is also very good.

IV. CONCLUDING REMARKS

Calculations have been used to investigate the effects of
ground absorption on waveforms and amplitude decay for
acoustic pulses. Hard grounds with high effective flow resis-
tivities ( ~32 000 kN s m ~*) are good reflectors and absorb
very little energy; consequently, in the absence of air absorp-
tion there is little change in the predicted waveforms for
ranges up to 3 km. As the effective flow resistivity decreases
(~200kN sm ~*), absorption by the ground increases, and
the pulse amplitudes decay faster as a function of range. At
still lower effective flow resistivities (10-20 kN s m ~ %), in-
creased absorption and a change in the image source magni-
tude cause marked changes in waveforms, with the low fre-
quencies dominating. A layered ground must then be used to
correctly model the waveforms. Satisfactory agreement can
be obtamned between observed and calculated acoustic pulse
waveforms and peak amplitude decay rates for two quite
different ground surfaces, grassland and snow. The Delaney

and Bazley model,'' Attenborough’s model,' and its low-
frequency approximation all give good agreement with ob-
servations.

Our measurements, along with the calculated wave-
forms and amplitude decay rates, illustrate the silencing ef-
fect that a strongly absorbing snow layer has. The sound of
the pistol shots was noticeably muffied to our ears during the
winter experiments, and such quieting of sound levels is
commonly observed when a snow layer is present. Since we
have confirmed that both models can correctly account for
these effects, they can be used with confidence in predicting
acoustic pulse propagation over different ground conditions.

Future work will include both theoretical and experi-
mental investigation of the effect of various snow cover prop-
erties and thicknesses on acoustic pulse propagation, and
incorporation of temperature gradient and wind effects into
the calculations. Another promising area worthy of further

study 1s to relate stereologically measured parameters of

snow’' to the parameters needed for acoustic predictions,
especially the pore shape factor ratio s, and the grain shape
factor n'.
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